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Fabrication of thermoelectric materials – thermal
stability and repeatability of achieved efficiencies†
S. Aminorroaya Yamini,*a M. Brewis,a J. Byrnes,a R. Santos,a A. Manettasa and
Y. Z. Peib
Metal chalcogenides have delivered the highest efficiencies among thermoelectric materials. Although the
thermal stability of thermoelectric materials at device operating temperatures has been of concern, recent
studies have reported the efficiencies of materials prepared with different fabrication techniques. Here, we
have fabricated a p-type, multiphase lead chalcogenide compound of (PbTe)0.55(PbS)0.35(PbSe)0.1, with
three common fabrication techniques of quenched, quenched–annealed and furnace cooled followed by
spark plasma sintering. The compound contains PbS-rich precipitates within a PbTe-rich matrix. The
achieved samples from various fabrication procedures demonstrate distinct microstructures that evolve
with thermal cycling. We have shown that the thermoelectric efficiency of metastable compound is
irreversible during thermal cycling, and changes by only three thermal cycles during measurements. Our
findings highlight the importance of the choice of fabrication and post-processing techniques for
thermoelectric materials.
Introduction
Solid-state thermoelectric generators, which convert heat to
electricity, have attracted considerable attention for waste
heat recovery.1 Tremendous efforts have been denoted to
improve the relatively low conversion efficiency of thermo-
electric materials. The efficiency is defined by the dimension-
less figure of merit, zT = S2Ts/(kE + kL), where, S, s, T, kL, and kE
are the Seebeck coefficient, electrical conductivity, absolute
temperature, and the lattice and electronic components of
the thermal conductivity, respectively.
Bulk metal chalcogenides have provided the highest efficien-
cies amongst thermoelectric materials.2–6 Recently, thermo-
electric properties of polycrystalline materials have been measured
in samples that are only quenched from the melt,7,8 sintered
(powder metallurgy) directly from quenched samples without
annealing,4,9–12 or furnace cooled from the melt to room tempera-
ture followed by powder sintering.11,13,14 However, polycrystalline
bulk thermoelectric metal chalcogenides were traditionally fabri-
cated through homogenising of stoichiometric ratios of elements
at the liquid phase, followed by rapid cooling to room tempera-
ture, and finally annealing the compound.15 An improvement in
the mechanical properties of thermoelectric materials was
reported when the obtained ingot from casting techniques were
reprocessed by powder metallurgy.4,15 This includes powdering the
ingot and sintering under hydrostatic pressure at elevated tem-
peratures.15 The quenched samples (either in water, salt water or
liquid nitrogen)7,16 or sintered pellets from quenched samples,4,9
frequently demonstrate higher thermoelectric efficiencies than
annealed ones. Therefore, the respected fabrication methods
occasionally have been introduced as an effective technique to
improve the efficiency of thermoelectric materials.7,9,16 Neverthe-
less, there is no report available on reproducibility of the obtained
transport properties of these samples.
In addition, nanostructuring of bulk materials through
nucleation and growth of precipitates17,18 or transforma-
tions,4,8,19 results in low lattice thermal conductivity20,21 and
consequently improves the figure of merit of thermoelectric
materials. Although a high zT has been reported for these
compounds, their stability at the operating temperatures in
thermoelectric generators needs to be studied, due to the high
thermodynamic driving forces within these materials to eliminate
the interfaces.22,23
Here, we have explored the thermoelectric properties and
reproducibility of the results, for a phase-separated p-type
quaternary (PbTe)0.55(PbS)0.35(PbS)0.1 compound prepared by
various fabrication techniques. Phase separated, nanostruc-
tured, p-type ternary lead chalcogenides have demonstrated
high thermoelectric efficiencies,13,24 and quaternary lead chalco-
genides have provided superior thermoelectric efficiencies to the
binary and ternary systems.25,26 We have adopted three common
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preparation routes to fabricate the compounds. The stoichio-
metric ratio of elements were homogenized in liquid phase and;
(i) quenched in water (Q); (ii) quenched in water followed by
annealing (QA), and (iii) furnace cooled to room temperature
(FC). All samples were sintered using the Spark Plasma Sintering
(SPS) technique, with identical conditions used for all samples.
We have shown that the thermoelectric efficiency of a quenched
sample (Q) is higher than thermally stable specimens in the first
round of measurement, then reduces during thermal cycling
to approach the efficiency of thermally stable samples. It is
explained by the growth of precipitates and microstructural
evolution of compounds during thermal cycling.
Experimental
Sample fabrication
Synthesis. A polycrystalline PbS sample was prepared by
mixing high purity Pb (99.999%) and dried S (99.9%) in vacuum
sealed quartz ampoules, then reacted at high temperature to
produce high purity PbS starting material. The final polycrystal-
line Pb0.97Na0.03Te0.55S0.35Se0.1 samples were synthesized by
mixing stoichiometric quantities of high purity PbS, Se, Pb,
Te and Na as the dopant. A total mass of 10 g was sealed in
carbon-coated quartz tubes under vacuum, and then heated
to 1373 K followed by homogenizing at that temperature for
10 hours. Two samples were quenched in cold water. One was
transferred directly to the sintering procedure (Q), the other
annealed at 823 K for 72 hours (QA). A sample was cooled in the
furnace from the homogenized melt (FC). The chemistry of all
three samples was identical and sodium was selected as p-type
dopant.
Sintering. The resulting ingots from the synthesis procedure
were hand-ground to powder with an agate mortar and pestle.
The powders were sintered into 12 mm diameter disk-shaped
pellets using spark plasma sintering (SPS) at 773 K and an axial
pressure of 40 MPa for an hour under vacuum.
Transport properties measurements
Seebeck coefficient and resistivity measurements. The
pressed samples were cut and polished into parallelepipeds.
The electrical conductivity and Seebeck coefficient were mea-
sured using a Linseis LSR-3 instrument. Samples were held
between two tungsten electrodes and two probe thermocouples
with spring-loaded pressure contacts. Measurements were
made under 0.1 atm of helium and were collected from room
temperature to 850 K.
Thermal conductivity measurements. The thermal conduc-
tivity (k) was calculated from k = rDTCp. The laser flash method
(Linseis LFA 1000) was used to measure the thermal diffusivity
(DT), and the density (r) was calculated using the measured
weight and dimensions. The specific heat capacity (Cp), was
estimated by Cp(kB per atom) = 3.07 + 4.7  104  (T/(K) 
300),27 that is believed to be accurate for lead chalcogenides.3,4
The combined uncertainty for all measurements involved in zT
determination is B20%.28
Hall measurements. Samples were loaded onto a heated BN
substrate and four probes were attached to the edge of the
sample. The sample was placed in a vacuum with a magnetic
field (up to 1.5 T) perpendicular to its surface. The resistivity
(r) and Hall coefficient (RH) (perpendicular to the hot-pressing
direction) were measured using the van de Pauw method.
Materials characterisation
X-Ray diffraction. The crystallographic structure and com-
position were characterized by X-Ray Diffraction (XRD) using
a GBC Scientific X-ray diffractometer with Cu Ka radiation
(l = 1.544 Å, 40 kV, 25 mA). The phase ratio and lattice
parameters were calculated from the X-ray diffraction patterns
using Rietveld analysis.
Electron microscopy analyses. Samples were characterized
using a JEOL 7001 scanning electron microscope (SEM). SEM
samples were prepared by polishing to a quarter of micron final
finish.
Results and discussion
XRD analysis
The microstructure of the quaternary PbTe–PbSe–PbS system is
similar to the ternary PbTe–PbS compounds, due to unlimited
solubility of PbTe and PbS in PbSe, and the presence of only a
miscibility gap in the PbTe–PbS ternary system.29 Alloying of
PbS beyond its solubility limit, results in PbS-rich precipitates
within the PbTe-rich matrix, with a NaCl-type face centred cubic
(FCC) crystal structure.30 The current study compound of
(PbTe)0.55(PbS)0.35(PbSe)0.1 can be simplified as PbTe, which is
initially alloyed with 10 at% PbSe to form a solid solution
parent compound of (PbTe)0.9(PbSe)0.1. This is then further
alloyed with PbS beyond its solubility limit (B8 at%) to form
PbS-rich precipitates in the PbTe-rich matrix.30 Both the PbS-rich
precipitates and PbTe-rich matrix have a NaCl-type face centred
cubic (FCC) crystal structure.29 The XRD patterns obtained from
cast samples in Fig. 1(a), show that the FC and QA samples
contain both PbS-rich and PbTe-rich phases, whereas the Q
sample reveals a single phase. The XRD patterns obtained from
sintered specimens fabricated from cast samples by SPS in
Fig. 1(b), revealed two phases indicating that phase separation
occurred for the Q sample during sintering. The Rietveld refine-
ment was employed to determine the phase ratio and the lattice
parameters of the phases by extrapolating from high angle
diffraction peaks. The results show 26.9  2.5 wt% precipitates
in the matrix for all sintered samples. The lattice parameter
of the matrices (a = 6.4  0.02 Å) is smaller than for pure PbTe
(a = 6.46 Å), indicating that the PbTe-rich matrix is alloyed with
PbSe (a = 6.13 Å) and PbS (a = 5.93 Å), where both phases possess
smaller lattice parameters. The lattice parameter of the precipi-
tates (a = 5.96  0.01 Å) is larger than that of pure PbS, which,
indicates solubility of PbTe and PbSe in the precipitates as
expected from the phase diagram.29 The average crystallite size
for the matrix and precipitates were calculated from the full
width at half maximum (FWHM) of the reflected peaks in
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Fig. 1(b) using Williamson–Hall plot. This method can also be
used to determine the dislocation density.31 The results are
discussed in ESI.†
Transport properties measurements
Fig. 2(a) shows the temperature dependent thermoelectric
efficiencies of Na-doped (PbTe)0.55(PbS)0.35(PbSe)0.1 samples
prepared by various fabrication techniques. Although the chemical
composition of all samples is identical, their thermoelectric effi-
ciencies vary by the fabrication technique. The Q and QA samples
demonstrate a zT of B1.5 whereas the maximum zT for the
furnace cooled sample is B1. There is also a substantial difference
between the thermoelectric performances of the Q sample during
the heating and cooling cycles. The total thermal conductivity of
samples as a function of temperature in the range of 300–850 K in
Fig. 2(b), show no significant difference between the heating and
cooling curves. Therefore the thermal conductivity of samples has
no significant contribution to the variation of the thermoelectric
performance of samples on heating and cooling. However, the Q
sample has lower thermal conductivity than the QA and FC
samples. This is in agreement with crystallite size analysis (detailed
in ESI†), where the Q and FC samples show the smallest and
largest crystallite sizes respectively. The room temperature thermal
conductivities of Q and QA samples are approximately 2 W m1 K1
which is reduced to B1 W m1 K1 above 600 K. The thermal
conductivity of the FC sample is reduced from B2.2 W m1 K1 at
room temperature to B1.1 at temperatures above 600 K.
In order to study the thermal stability of samples, the
transport properties measurements were repeated twice for
every sample. Fig. 3(a–c) show the Seebeck coefficients and
Fig. 3(d–f) demonstrate the electrical resistivities of Q, FC and
QA samples as a function of temperature in the range of
300–850 K for three runs respectively. There are small varia-
tions between heating and cooling curves for Seebeck coeffi-
cient values from the three runs of all samples. However, the
differences are as small as measurement errors. Fig. 3(d–f)
clearly demonstrate the electrical resistivity variations between
heating and cooling curves and also for three consecutive runs.
The detailed information about repeated experiments for more
samples and thermal cycles are summarised in ESI.†
There is a distinguished difference between the heating and
cooling curves for the electrical resistivity from all samples.
However, the results are reproducible for QA and FC samples.
We32 correlated this reproducible anomaly to the inhomo-
geneous distribution of sodium dopant between the matrix
and secondary phase and its redistribution at high temperatures
in the Na-doped multiphase lead-chalcogenide compounds.
Fig. 1 Room temperature X-ray diffraction patterns for (a) cast, (b) sintered samples of quenched (Q), quenched and annealed (QA) and furnace cooled
(FC) of Pb0.97Na0.03Te0.55S0.35Se0.1 compounds.
Fig. 2 Temperature dependent (a) figure of merit (zT), (b) measured total thermal conductivity, k(W m1 K1), of sodium-doped (PbTe)0.55(PbS)0.35(PbSe)0.1,
sintered bulk samples fabricated by quenching (Q), quenching followed by annealing (QA) and furnace cooling from the melt (FC) during heating and
cooling.
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Conversely, the temperature dependant electrical resistivity
values of the Q sample, are not only different between the
heating and cooling curves, but also differ by thermal cycling.
The temperature dependent thermoelectric efficiencies of
samples at the third run of measurements in Fig. 4, show that
the figure of merit for the Q sample, is decreased considerably
compared to the first run (shown in Fig. 2(a)), whereas the
efficiency of QA and FC samples remain roughly the same
after three thermal cycles. The room temperature Hall carrier
concentrations (nH = rH/eRH) of the samples show that despite
the intention of fabricating samples with identical carrier
concentrations, the QA sample has a slightly higher carrier
concentration of 9  1019 than 8.2  1019 for the Q and FC
samples. This causes a lower electrical resistivity for the QA
sample compared to the FC sample, which is in combination
with lower lattice thermal conductivity results in higher thermo-
electric efficiency for the QA sample than the FC sample. The
electrical resistivity and Seebeck coefficient of all samples for
three runs are compared in the ESI.† The difference between the
thermoelectric efficiency of the QA and FC samples originates
mainly from the difference in carrier concentrations. It is
anticipated that the QA sample will provide a similar efficiency
to the FC sample at similar carrier concentrations. Thermo-
electric efficiency of Q sample at the first cycles is higher than
FC sample with similar carrier concentration. However, the
efficiency values of this sample are approaching to the efficiency
of FC sample by thermal cycles. This indicates that the Q sample
provides non-reproducible higher thermoelectric efficiency than
the more thermally stable QA and FC samples at first cycles.
The detailed electron microscopy analysis was performed to
evaluate the microstructure of samples prepared by various fabrica-
tion techniques and assess the possible effects on their transport
properties. Transmission electron microscopy (TEM) is commonly
employed to analyse the precipitates in similar compounds.8,11,33,34
In the current study, we have adopted high resolution scanning
electron microscopy (SEM) to assess the microstructural inhomo-
geneity of samples in larger area. Fig. 5(a–c) show the SEM images
of sintered FC, QA and Q sample respectively. Detailed composition
analysis of the precipitates and matrix are discussed in the ESI.†
Fig. 3 Temperature dependent Seebeck coefficient (mV K1) of (a) Q, (b) FC, (c) QA; and electrical resistivity (mO cm) of (d) Q, (e) FC, (f) QA, sintered bulk
sodium-doped (PbTe)0.55 (PbS)0.35(PbSe)0.1 samples.
Fig. 4 Temperature dependent figure of merit of sodium-doped (PbTe)0.55-
(PbS)0.35(PbSe)0.1, sintered bulk samples fabricated by quenching (Q), quench-
ing followed by annealing (QA) and furnace cooling from the melt (FC) during
heating and cooling for the third measurement run.
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There are distinct differences between the size, morphology
and distribution of precipitates in these samples. The FC
sample contains more round precipitates that are on average,
much larger in size than precipitates observed in either the QA
or Q samples. The histogram of precipitate size distribution in
samples FC and QA in Fig. 5(d) and (e) respectively, indicate
that the FC sample contains a higher frequency of precipitates
41 mm2 than the annealed sample, while containing compara-
tively less precipitates below this size. Precipitates below
0.1 mm2 were omitted from this analysis due to resolution
limits of the used SEM micrographs. The morphology of pre-
cipitates in the QA sample shares similarities with the Q
sample, with large distributions of areas containing fine pre-
cipitates, surrounded by larger, round precipitates. It suggests
that precipitate growth at particle interfaces during sintering,
has occurred much quicker than the inner particles. The fine
precipitates in the QA sample are much larger than the ones in
the Q sample due to precipitation and growth of PbS-rich
precipitates during three days of annealing. XRD results in
Fig. 1, suggest that precipitation in the Q sample occurred only
during sintering. Consequently, limited particle growth provides
a much finer structure. It explains the lower thermal conductivity
observed in Fig. 2(b).
Fig. 5(f) demonstrates the inner grain structure of the Q
sample after three thermal cycles of transport properties mea-
surements at the same magnification of Fig. 5(c). The average
particle size appears to increase due to precipitate growth by
thermal cycling. It suggests that even powder metallurgy of
compounds is insufficient to provide a stable sample, although
the XRD results show a similar secondary phase ratio and lattice
parameters for all samples. The large variation in transport
properties, more evident in the electric resistivity curves of the
Q sample during measurements in as few as three thermal
cycles, indicates that the metastable phases formed during
quenching require appropriate post processing.
Conclusions
The multiphase p-type quaternary (PbTe)0.55(PbS)0.35(PbS)0.1
compound was fabricated by quenching, quenching followed
by annealing and cooling to room temperature in the furnace.
All samples were subsequently sintered by the Spark Plasma
Sintering (SPS) technique for an hour. The thermoelectric
efficiency of the Q sample shows irreversible transport proper-
ties. Although the efficiency of the Q sample is higher than
thermally stable specimens at the first measurement, it is
reduced by thermal cycling, approaching the efficiency of more
stable compounds. The FC sample exhibits the largest precipi-
tate size, followed by the QA and Q samples. Despite the
different morphology of precipitates in the QA and FC samples,
the transport properties of both samples are reversible with
thermal cycling. Our results indicate that precipitates also grow
significantly in the Q sample with thermal cycles.
Although the thermal stability of nanostructured thermo-
electric materials has been the scientists concern, reporting the
highest thermoelectric efficiency values in materials has driven
the focus of research. There are a number of high performance
thermoelectric materials that have recently been reported with
adherence to thermally unstable compositions and/or nano-
structures. Our findings highlight the importance of the choice
of fabrication and post-processing techniques of heterogeneous
Fig. 5 Typical SEM micrographs of sintered samples which were (a) furnace cooled, (b) annealed following quenching and (c) quenched in water; (d) and
(e) show histogram based on particle area for the furnace cooled and annealed samples respectively; (f) SEM micrograph of the Q sample after three
thermal cycles during transport properties measurement, indicating the precipitates size growth.
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and/or nanostructured thermoelectric materials. Attention
should also be focused on reproducibility of reported transport
properties.
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